Background: Insulin resistance (IR) may decrease muscle adaptability. Heat shock proteins (HSPs), mitogen-activated protein kinases (MAPKs), and miRNA are thought to play a role in muscle hypertrophy but it is unclear if IR may affect their regulation. Methods: Soleus muscles of lean Zucker (LZ) and insulin resistant obese Zucker (OZ) rats were overloaded for 7 or 21 days and subjected to immunoblotting and RT-PCR. Results: IR was associated with decreased muscle hypertrophy. Overload increased HSP27 phosphorylation in both the LZ and OZ rats at day 7 but only in the LZ at day 21. IR was associated with diminished overload induced MAPK phosphorylation and decreased expression of miR-1 and miR133. Overload decreased mir-1 levels in both the LZ and OZ but to a greater extent in the LZ animals. Conclusion: These results suggest that alterations in the regulation of HSPs, MAPKs and miRNA may be associated with the diminished hypertrophy of IR muscle.
response is associated with decreased activation of mammalian target of rapamycin (mTOR) signaling [1, 2] . Whether other signaling systems may also play a role in this response is not well understood. It is thought that the heat shock proteins (HSP) are important players in cellular adaptation and these proteins have been implicated in the chaperoning of unfolded proteins, the inhibition of apoptosis, and stabilization of the cytoskeleton [3] [4] [5] [6] [7] . Previous studies demonstrated the induction of HSP proteins following high force eccentric contraction, aerobic exercise, and during the development of muscle hypertrophy [8] [9] [10] ; however it is not clear whether the regulation of these molecules is altered with insulin-resistance.
In addition to the Akt-mTOR-p70S6k signaling cascade [11] [12] [13] the mitogen-activated protein kinases (MAPKs) are another class of stress responsive proteins that are involved in the regulation of protein synthesis and cellular adaptation [14] [15] [16] . The MAPK proteins are activated by dual phosphorylation prior to their translocation to the nucleus, where they are thought to regulate various transcriptional factors [17, 18] . Recent data has indicated that the extracellular regulated kinase 1/2 (ERK1/2) and c-Jun N-terminal kinase (JNK) MAPK proteins play a crucial role in regulation of skeletal muscle hypertrophy following increased loading [19] [20] [21] [22] [23] . If or how insulin resistance may affect MAPK signaling in response to increased muscle loading has, to our knowledge, not been investigated.
In addition to these signaling cascades, other data has strongly suggested that musclespecific miRNAs (miR-1, miR-133a and miR-206) may be involved in the regulation of load induced skeletal muscle remodeling [24] [25] [26] . MicroRNAs are small endogenous ~ 22-nucleotide, non-coding RNAs which repress gene expression by inhibiting mRNA translation by interacting with the 3 ' -untranslated region (3'UTR) of target mRNAs [27] [28] [29] . Among the muscle-specific miRNA's, miR-1 and miR-133a are important for embryonic muscle growth [30] , myoblast differentiation and proliferation as they regulate the expression of SRF, MyoD and MEF2 [31] while miR-206 plays a role in myogenesis [32] . Recent data from McCarthy and Esser [24] , reported decreased expression of miR-1 and miR-133a following 7days of functional overload and suggested this response acted to remove the repression of hypertrophic regulators [24] . How insulin resistance may affect the regulation of musclespecific miRNAs during muscle hypertrophy is currently unclear.
Utilizing the same animals and tissues detailed in our earlier work [1] , here we investigate whether insulin resistance affects the regulation of the HSPs (HSP27, HSP60, HSP70 and HSP90), MAPKs (ERK1/2 and JNK) and muscle-specific miRNA's (miR-1 and miR133a), during muscle hypertrophy. Our data indicate that alterations in the regulation of HSPs, MAPKs and muscle-specific miRNAs regulation may be associated with the diminished ability of insulin resistant muscle to undergo hypertrophy following muscle overload.
Materials and Methods

Materials
Primary antibodies against HSP27 (#2442), phospho-HSP27 (Ser82) (#2401), HSP60 (#4870), HSP70 (#4872), HSP90 (#4877), phospho-HSP90 (Thr5/7) (#3488), p44/42 MAPK (ERK1/2) (#9102), phospho-p44/42 MAPK (Thr202/Tyr204)(#4377), JNK/SAPK (#9252), phospho-JNK/SAPK (Thr183/ Tyr185) (#9251), glyceraldehyde 3-phosphate dehydrogenase (GAPDH,#2118) and secondary antibody conjugated with horseradish peroxidase (HRP) (anti-rabbit (#7074) were purchased from Cell Signaling Technology (Beverly, MA). Laemmli 2 X sample buffer was purchased from Sigma-Aldrich (St. Louis, MO). Pierce Tissue Protein Extraction Reagent (T-PER), Pierce 660nm protein assay reagent (#22660) and GE Healthcare Amersham ECL™ Western Blotting Detection Reagents (RPN2106) were obtained from Thermo Fisher Scientific Inc. (Rockford, IL). 10% PAGEr Gold Precast gels were from procured from Lonza (Rockland, ME). 
Cellular Physiology and Biochemistry
Animal care and muscle overload All procedures were performed in accordance with the Marshall University Institutional Animal Care and Use Committee (IACUC) guidelines, using the criteria outlined by the American Association of Laboratory Animal Care (AALAC). The animals and tissues used in this study were from our earlier work [1] . Ten week old male LZ (n=12) and OZ (n=12) rats were purchased from the Charles River Laboratories and housed in pairs within an AAALAC approved vivarium. Animals were maintained at 22° ± 2°C with a 12 H: 12 H dark-light cycle and acclimatized for two weeks prior to experimentation. Food and water were provided ad libitum.
Overload of the left soleus muscle was induced by surgical ablation of the proximal and medial twothirds of the lateral head of the gastrocnemius under ketamine-xylazine (4:1; 50 mg/kg, I/P) anesthesia as previously described [33] . The contralateral right limb served as an intra-animal control and was subjected to the same surgical procedures however the gastrocnemius muscle was left intact. No signs of inactivity or infection were noted in any of the animals postoperatively.
Soleus muscles were collected (7 day n = 6 LZ-7 and n = 6 OZ-7, 21 day n = 6 LZ-21 and n = 6 OZ-21) under ketamine-xylazine (4: 1; 50 mg/kg, I/P) anesthetic, carefully trimmed of any excess connective tissue, weighed and snap frozen in liquid nitrogen. Tissues were stored at −80
• C until further experimentation.
Tissue protein extraction
Pierce Tissue Protein Extraction Reagent (T-PER) (10 mL/g tissue; Rockford, IL, USA) containing phosphatase inhibitors (P5726, Sigma-Aldrich, Inc., St. Louis, MO, USA) and protease inhibitors (P8340, Sigma-Aldrich, Inc., St. Louis, MO, USA) was used for protein extraction as outlined by the manufacturer. After homogenization in ice cold TPER, extracts were incubated for 30 min on ice and then centrifuged at 12,000 x g for 5 min at 4
• C. Protein concentrations were determined using the 660 nm protein assay (Thermo Scientific, Rockford, IL, USA). Samples were diluted with 2X Laemmli sample buffer (Sigma-Aldrich, Inc., St. Louis, MO, USA) and denatured for for 5 minutes at 95 °C prior to SDS-PAGE.
SDS-PAGE and immunoblotting
Forty micrograms of total protein extract from each sample were separated using 10% PAGEr Gold Precast gels (Lonza, Rockland, ME, USA) and then transferred to 0.45µm nitrocellulose membranes. Verification of transfer efficiency and equal loading of protein among lanes was determined by Ponceau S. Immunodetection of antigens was performed as described previously [34, 35] . In brief, membranes were blocked for 1 h at room temperature with constant shaking in blocking buffer (5% non-fat dry milk in TBS-T (20mM Tris-base, 150mM NaCl, 0.05% Tween-20), pH 7.6) followed by serial washes in TBS-T at room temperature. Membranes were incubated overnight at 4
• C in primary antibody buffer (TBS-T containing 5% BSA, pH 7.6, 1:1000) and washed in TBS-T (3X 5 min each). After blocking for 1 h in TBS-T containing 5% BSA, membranes were washed (TBS-T, 3X 5 min) and allowed to react with ECL reagent (Amersham ECL Western Blotting reagent) for 1 min to visualize protein bands. Quantification of target protein levels were performed using AlphaEaseFC image analysis software (Alpha Innotech, San Leandro, CA, USA). Bands of interest were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
miRNA analysis Portions (25 mg) of each soleus muscle were pulverized with mortar and pestle in liquid nitrogen. miRNA was isolated using the miRVana miRNA Isolation Kit as outlined by the manufacturer (Ambion, Austin, TX). cDNA synthesis from miRNA was performed using the QuantiMir RT kit (System Bioscience) as detailed by the supplier. SYBR green-based real-time qPCR was performed by using a 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA) and gene-specific primers for the miRNA of interest designed following the guidelines outlined within the QuantiMir RT kit. Melt analysis was used after each PCR run to ensure amplification of only a single product. To account for possible differences in the amount of starting miRNA, all samples were normalized to miR-206 as the expression of this molecule was not different between animal models or following overload. Relative fold changes in miRNA were determined from the C t values after normalization to mir-206 using the 2 -∆ct method (modified Levak method) [36] . 
Statistical analysis
Results are presented as mean ± SE. Data were analyzed using the Sigma Stat 3.5 statistical program using two way analysis of variance (ANOVA) followed by the Student-Newman-Keuls post hoc testing where appropriate. Values of P < 0.05 were considered to be statistically significant.
Results
The impaired hypertrophic response of insulin resistant skeletal muscle is associated with diminished HSP27 phosphorylation As indicated previously, significant increase in body weight was higher in the OZ rats compared to the LZ rats at both 7 days (464 ± 12 gm vs. 302 ± 3 gm; P < 0.05) and 21 days (460 ± 26 vs. 289 ± 10 gm; P < 0.05) [1] . In contrast, the wet weights of soleus were found to be significantly lower in the OZ rats versus LZ rats at both 7 days (128 ± 11 mg vs. 150 ± 6 mg; P < 0.05) and 21 days (128 ± 6.5 mg vs. 141 ± 18.3 mg; P < 0.05) of muscle overload. To examine the effect of insulin resistance on the regulation of HSP molecules with overload, we compared the expression and phosphorylation levels of HSP27, HSP60, HSP70 and HSP90. Muscle overload did not alter the expression of HSP60, HSP70 and HSP90 in either the LZ or OZ rats (Fig. 2 and 3A) . The expression of the small heat shock protein HSP27 was increased in both lean and obese zucker animals after 7 and 21 days of overload (P < 0.05; Fig. 1A ). The phosphorylation of HSP27 at Ser 82 was increased in both LZ and OZ animals after 7 days of increased loading, while it was significantly increased only in the lean Zucker rats after 21 days of overload (P < 0.05; Fig. 1B) .
Insulin resistance alters the overload-induced phosphorylation of MAPK proteins in slow twitch soleus muscle
To investigate the effect of insulin resistance on the activation of MAPK proteins with overload, we compared the protein content and phosphorylation of p44/42 MAPK (ERK1/2) and JNK / SAPK between control and overloaded muscles. The amount of ERK1/2 was unaltered with muscle overload in both LZ and OZ animals, while the phosphorylation levels of p44 and p42 MAPK at Thr202 / Tyr204 was significantly higher in overloaded LZ and OZ muscles at both 7 and 21 days (P < 0.05; Fig. 4 ). The magnitude of ERK1/2 phosphorylation was higher in LZ compared to OZ rats. The basal phosphorylation levels of p42 MAPK were 
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Cellular Physiology and Biochemistry significantly higher in insulin resistant soleus muscle compared to normal soleus muscle (P < 0.05; Fig. 4 ). Muscle overload did not alter the expression of JNK/SAPK in either the LZ or OZ solei muscles (Fig. 5) . The phosphorylation level of p46 (JNK1) at Thr183/Tyr185 was significantly higher in both LZ and OZ rat with overload at both 7 and 21 days, while the degree of phosphorylation was higher in the LZ compared to OZ soleus (P < 0.05; Fig. 4 ).
Muscle specific miRNA expression following muscle overload is influenced by insulin resistance
The amount of mir-1 and miR133 in insulin resistant soleus muscles was less than that observed in the normal soleus muscle (P < 0.05; Fig. 6 and 7) . Both 7 and 21 days overload decreased mir-1 levels in the LZ and OZ soleus muscles, but the magnitude of decrease was higher in normal muscle when compared to the insulin-resistant muscle (P < 0.05; Fig. 6 ). The expression levels of miR-133a decreased significantly in the LZ animals with overload at both 7 and 21 days (P < 0.05; Fig. 7 ). In contrast, miR-133a levels in the OZ rat were increased significantly with overload at both 7 and 21 days (P < 0.05; Fig. 7 ). 
Discussion
Skeletal muscle adaptation to increased load is characterized by increases in muscle mass (hypertrophy) that are thought to be regulated by the activation of several signaling cascades. Previously we demonstrated that the degree of muscle hypertrophy following an overload stimulus was decreased in the insulin-resistant obese Zucker (fa/fa) rat (OZ) when compared to that observed in the lean Zucker rat (LZ) and that this attenuation was characterized by decrements in mammalian target of rapamycin (mTOR) and its downstream translational signaling intermediates, p70S6k, rpS6 and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) [1] . Here we extend upon those findings and demonstrate overload in the OZ rat soleus is associated with diminished HSP27 phosphorylation, decreased MAPK phosphorylation and alterations in the regulation of muscle specific miRNAs.
Insulin resistance is associated with alterations in HSP27 phosphorylation following muscle overload
Previous reports have demonstrated that HSP27 expression increases in response to increased muscle load in both human and animal muscles [8, 37, 38] . Consistent with these data, here we show that HSP27 expression was increased with overload in both the LZ and OZ soleus muscles. Overload also led to a significant increase in the phosphorylation or activation of HSP27 at Ser82 in normal muscle; however this response appeared to be attenuated in the insulin-resistant soleus. In vitro studies have suggested thought that the increased phosphorylation of HSP27 is involved in maintaining cytoskeletal protein integrity. Whether HSP27 exhibits a similar function in vivo is currently unclear and beyond the scope of the present study. Additionally, it is also unknown why insulin resistance was associated with diminished overload-induced phosphorylation of HSP27. Nonetheless, given that HSP27 is a substrate for the MAPK proteins [21, 39, 40] , it is possible that the decreased activation of MAPK with overload seen in the OZ soleus (Fig. 4 & 5) may be related. Future experiments designed to directly test this possibility will be required to definitely shed light in establish cause and effect. 
Insulin resistance is associated with decreases in overload-induced MAPK phosphorylation
A review of literature suggests that the MAPK proteins play an integral role in the adaptation of skeletal muscle to alterations in contractile loading [21, [41] [42] [43] [44] . It is known that the activation of MAPK proteins is important in regulating several processes, including glucose uptake, cell replication, and protein synthesis [45, 46] . The basal phosphorylation levels of p42-MAPK in the insulin-resistant soleus muscle were significantly higher compared to that observed in the normal soleus. Overload was found to increase the activation of p44-and p42-MAPK in both normal and insulin resistant soleus, however the magnitude of activation was higher in normal muscle compared to that observed in insulin resistant soleus. Given the possibility that ERK1/2 activation is associated with skeletal muscle hypertrophy [47, 48] , the differences in magnitude of activation of ERK1/2 between lean and obese rats with overload may help to explain the decreased hypertrophic response seen in the OZ animals. Although the exact mechanism for ERK1/2 involvement in muscle hypertrophy has yet to be elucidated, it has been hypothesized that ERK1/2 activation is associated with elevations in translational initiation in a process involving increased phosphorylation of the eukaryotic initiation factor eIF4E [49] .
Muscle-specific miRNAs and Insulin-resistance
It has been suggested that the expressions of mir-1, miR133 are decreased in response to functional overload [24] , chronic endurance training [26] , and resistance exercise [50] . Here we investigated whether insulin-resistance affects the expression and regulation of muscle-specific miRNAs with overload. Our semi-quantitative PCR data demonstrated that insulin resistance was associated with a lower expression of mir-1 and mir-133 compared to that observed in the non-diabetic soleus. The physiological significance of diminshed muscle-specific miRNAs with insulin resistance are currently unclear. However, recent data suggest that the expression of mir-1 and mir-133, at least in C2C12 cells, may be regulated by the myogenic regulatory factors (MRFs) myogenin and MyoD [51] . Whether a similar finding exists in vivo is currently unclear. Previous work from our laboratory failed to demonstrate differences in the regulation of MRFs with overload in OZ rat [1] . These findings are consistent with the possibility that these MRFs may play a diminished role in regulating the expression of mir-1 and mir-133 in LZ and OZ animals. Similarly, like that observed for most of the known miRNA species, the exact role that these molecules may play in vivo has yet to be fully elucidated.
In addition to the possibility that insulin resistance may affect miRNA expression profiles, we also observed that muscle overload is associated diminished mir-1 expression in both the LZ and OZ rats (Fig. 6) . These results are in agreement with recent findings by McCarthy and Esser, who reported that 50% decrease in expression of mir-1 after 7-days functional overload of the mouse plantaris muscle [24] . Interestingly, the overload associated decreases observed in the present study appeared to be higher in the LZ compared to OZ after 7-and 21-days of overload (Fig. 6) . Similar results to what we had observed with mir-1 were seen when we examined mir-133a expression in the LZ animals (Fig. 7) . Conversely, in the OZ animals, overload appeared to increase the expression of this molecule (Fig. 7) . Whether these findings are directly related to the diminished overload-induced hypertrophy we see in the OZ rat soleus is currently unclear and beyond the scope of the present study. Similarly, why insulin-resistance might be associated with differences in how overload regulates miRNA expression is not known.
Summary and conclusions
The findings of the present study suggest that the impaired hypertrophic response seen in insulin resistant muscle appears to be associated with alterations in HSP and MAPK phosphorylation along with changes in the way muscle overload regulates muscle specific miRNA expression. These data extend our previous work showing that insulin resistance is characterized by differences in the overload induced activation of mTOR signaling. Nonetheless, it should be noted that additional studies are needed to better understand
